Aim: To integrate two major components of vulnerability to climate change: adaptive capacity (approached by genetic groups) and exposure (approached by risk of habitat loss) illustrated with the maritime (Pinus pinaster Ait.) and Aleppo (Pinus halepensis Mill.) pines. To integrate such information in the selection of conservation strategies (ex situ vs. in situ) and to evaluate current European efforts in the conservation of forest genetic resources.
| INTRODUCTION
Climate change is having a world-wide impact on forest ecosystems, often resulting in their decline (e.g., Allen et al., 2010; Wang, Hamann, Yanchuk, O'Neill & Aitken, 2006) , with a resulting negative impact on forest economies throughout the world (Hanewinkel, Cullmann, Schelhaas, Nabuurs & Zimmermann, 2012) . In response to this, and also given the importance of preserving biodiversity (see http://www. cbd.int/convention/text), conservation plans are increasingly being implemented in national and international policies. In this context, it is essential to assess the extent to which a species or population is threatened by climate change, that is, its vulnerability (sensu Dawson, Jackson, House, Prentice & Mace, 2011; see Mazziotta et al., 2015 for an example). However, the three components of vulnerability (adaptive capacity: ability to cope with climate change by persisting in situ; exposure: magnitude of climate change; and sensitivity: the likelihood of an adverse response to climate change) are rarely considered together in conservation plans (Watson, Iwamura & Butt, 2013) , mainly due to the challenge in compiling the necessary information and in combining various approaches. Quantifying vulnerability is especially difficult in long-lived organisms such as forest trees where evaluating the viability of a population from demographic analyses, or estimating adaptive capacity by direct experimental observations is challenging.
However, broadly distributed tree species usually present high levels of standing genetic variation (Alberto et al., 2013) , which permits implementing dynamic conservation strategies that favour their capacity to evolve along with changes in environmental conditions.
In forest tree species, adaptive capacity is best approximated by estimating standing genetic variation and phenotypic plasticity (Chevin, Lande & Mace, 2010) using common garden experiments.
But due to their costs and complexity, these experimental approaches are mostly valid to test for differences in adaptive capacity among groups and/or among populations within genetic groups (e.g., Rodríguez-Quilón et al., 2016) . Although problematic to obtain, infra-specific genetic information has to be taken into account when understanding species adaptability, as populations as well as genetic groups differ in their responses to climate change (e.g., BenitoGarzón, Alía, Robson & Zavala, 2011; D'Amen, Zimmermann & Pearman, 2013; Wang et al., 2006) . Identifying populations with similar evolutionary histories can help determine adaptive groups across a species range, as genetic differences among clusters of populations can potentially reflect adaptive variation to different abiotic or biotic conditions locally present throughout the geographical range of the species (see Schueler et al., 2013; Ikeda et al., 2016 for examples with Picea abies and Populus fremontii, respectively). Specifically integrating infra-specific genetic diversity in species distribution models (SDMs; Guisan & Zimmermann, 2000) should provide a more realistic forecast of geographical range shifts (Gotelli & Stanton-Geddes, 2015) , and therefore aid in developing conservation plans best able to safeguard the entire genetic diversity of the species, and maintain its adaptive capacity. Schueler et al. (2014) analysed the exposure component of vulnerability on dynamic conservation units of the EUFORGEN programme for six forest tree species, by calculating the increment between current and future favourability by means of SDMs. In addition, they dealt with exposure of the European conservation network by estimating the rate of climate change as proposed in Loarie et al. (2009) . SDMs constitute a powerful tool to assess the risk of loss of suitable habitat (as a proxy of exposure) as they can predict whether future climatic conditions would be suitable or not for a species at any location.
Finally, sensitivity involves assessing the influence of climatic changes on the survival, persistence, fitness, performance or regeneration of a population (Dawson et al., 2011) . These issues are largely related to the ecology and ecophysiology of the different populations and therefore require precise parameterization at the population level (Landsberg, 2003) . The large empirical datasets required to define sensitivity limit its use to address vulnerability at a large spatial scale.
In this study, we estimate vulnerability focusing on two of its components, adaptive capacity and exposure. We centre our approach on widely distributed forest trees and aim to provide a tool to support conservation management decisions-as well as forest management as a whole-directed at maintaining species' evolutionary potential and consequently increasing its probabilities to cope with climate change. We use genetic groups as a proxy to deal with genetically driven adaptive differentiation, providing an extension of Lefèvre et al. (2013) 's environmental zonation. Exposure is assessed individually for each genetic group, assessing the risk of habitat loss due to climate change. To account for future climate uncertainty, we use infraspecific SDMs combining 42 different future climate projections. We then utilize exposure to select the most adequate among the different available conservation strategies (i.e., in situ vs. ex situ conservation; see Ledig, 1986;  Figure 1 ).
We focus on Mediterranean forest species, which are in particular need of conservation plans, as they inhabit regions that are expected to suffer intensely the effects of climate change (Lindner et al., 2010) , especially with increased risk of drought and fire (Mouillot, Rambal & Joffre, 2002; Pausas, 2004) . Despite this heightened threat, Mediterranean species remain under-represented in the current European conservation network as well as in earlier conservation studies (e.g., Schueler et al., 2014) . Our two target species, maritime pine (Pinus pinaster Ait.) and Aleppo pine (Pinus halepensis Mill.), are characterized by widespread, highly fragmented distribution ranges that may compromise their responses to climate change. Each exhibits very contrasted evolutionary histories and genetic structure patterns (see Burban & Petit, 2003; Bucci et al., 2007; Jaramillo-Correa et al., 2015 for P. pinaster; and Morgante, Felice & Vendramin, 1998; Gómez, Alía & Bueno, 2001; Grivet, Sebastiani, González-Martínez & Vendramin, 2009 Despite their potential adaptive capacity, it is challenging to forecast how these two pines will respond to the pressures of climate change, as it highly depends on the environmental conditions and on the traits under consideration (Alía, Chambel, Notivol, Climent & González-Martínez, 2014) . Therefore, as we still cannot quantify the amount of adaptive capacity necessary to adapt in situ, we propose here, as an alternative, a monitoring program to check for signals of maladaptation.
Finally, focusing on these two target species enables the evaluation of current efforts in conserving their genetic resources in Europe (as defined in EUFORGEN), by assessing the exposure of their currently defined dynamic conservation units to future climate change and whether genetic groups are appropriately represented.
| METHODS

| Molecular data and definition of genetic groups
We obtained eight genetically defined genetic groups for the full distribution range of P. pinaster from Serra-Varela et al. (2015) (Figure 2a) namely Atlantic Iberian Peninsula (G1-pin), Eastern populations (G2-pin), Atlantic France (G3-pin), Morocco (G4-pin), eastern (G5-pin), central (G6-pin) and southern (G7-pin) Spain, and Tunisia (G8-pin) based on mitochondrial, chloroplast and nuclear (simple sequence where the genetic groups were spatially differentiated, P. halepensis presented transition areas occupied by more than one genetic group simultaneously and that we defined based on Q values as explained in Appendix S1. Some small areas of the distribution of the species (located in Algeria) could not be assigned to any genetic group due to insufficient sampling (see Figure 2b ).
For both, P. pinaster and P. halepensis, the genetic groups were based on a priori neutral molecular markers, which are primarily influenced by demographic processes and not by adaptation. However, some of these markers may also be influenced by adaptive selection (especially the SNPs, e.g., Jaramillo-Correa et al., 2015 for P. pinaster).
| Species data
The complete native range for both species was obtained by combining the Tree Species Distribution for Europe (TSDE; Köble & Seufert, 2001 ) from the Joint Research Centre's AFOLU data portal (ftp:// mars.jrc.ec.europa.eu/Afoludata/Public/DS66/) and the EUFORGEN database from the European forest genetic resources programme (http://www.euforgen.org/distribution-maps/; see Appendix S2 for further details).
We prepared a presence-absence dataset for each genetic group individually. Presences of genetic groups were defined as the subset of the overall presences records that belonged to one specific genetic group. In the case of P. halepensis presence records of transition zones were considered as presence records for both genetic groups inhabiting that territory. Possible absences corresponded to all the rest of the territory within the study area where TSDE reported 0% occupancy as well as to presences from other genetic groups. Note that Table 1 )
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areas from the distribution that had not been classified in any of the genetic groups were not considered in the analysis. The numbers of presences for the genetic groups are specified in Appendix S2 while the selection method and the number of selected absences are specified below.
| Bioclimatic data
We used Eastern Spanish group -G5
Atlantic France group -G3
Atlantic Iberian Peninsula group -G1 Eastern group -G2
Moroccan group -G4 We set the number of randomly selected absences for all the models to five times the number of total presences used per species (see Appendix S2 for more details). Presences and absences were given weights inversely proportional to their respective numbers, so as to
| Species distribution models
give equal total weights to the two sets as recommended by BarbetMassin, Jiguet, Albert and Thuiller (2012) .
The large number of occurrence records available permitted a random division of each dataset (corresponding to both species and to each genetic group) into two equally sized subsets for training and evaluation, and maintaining the prevalence. (suitable habitat for more than 70% of future projections), "uncertain" with a suitability score of 0.4-0.7, and "likely unsuitable" with suitability scores < 0.4. We performed this analysis for each genetic group individually.
| Future suitability maps
| Defining conservation strategies based on exposure to climate change
Future suitability maps were overlaid with maps of current distribution to assess risks of habitat loss (a proxy of exposure), and set the basis for the recommendation of the different conservation strategies within the current distribution of each genetic group (Table 1) . In situ conservation is an effective conservation strategy for populations highlighted as "likely suitable" and "uncertain" by future suitability maps, as the high level of standing variation and phenotypic plasticity reported for the two target species should enable them to adapt in situ. However, it should always be associated to a monitoring programme (see Graudal et al., 2014) to identify threats and forest decay, would be necessary in "uncertain" locations, as they are more susceptible of suffering the consequences of climate change. On the contrary, ex situ conservation is recommended in the case of exposed populations (Schueler et al., 2014) that are classified as "likely unsuitable" as we assume that the adaptive capacity of the populations do not allow them to adapt in situ. This strategy includes translocation (Leech, Almuedo & Neill, 2011) and/or conservation in germplasm banks. Given a choice, translocation is the preferred option as it maintains dynamic evolution within populations, and future suitability maps can identify suitable locations for such a purpose. Only when future suitability maps do not highlight available locations for translocation, germplasm banks are recommended.
Finally, for each genetic group, we calculated the percentage of the currently occupied territory proposed for ex situ conservation to assess the risk of habitat loss of the genetic group.
| Exposure assessment of dynamic conservation units
We assessed the exposure of the currently defined dynamic conserva- (Table S6 in Appendix S3). Dynamic conservation units from EUFGIS without a clear association to a particular genetic group were excluded from the analysis.
We associated each unit to its corresponding genetic group and assessed the degree to which different gene pools (genetic groups)
were represented in the European network. We also evaluated the risk of each dynamic conservation units to fail in finding suitable habitat in the future using future suitability maps. In the case of P. halepensis, when dynamic conservation units represented two genetic groups simultaneously (transition zones) risk evaluations of habitat (and genetic group) loss were performed separately for both genetic groups.
| RESULTS
| Species distribution models
Models performed similarly to those described by Serra-Varela et al.
(2015) in cross-validation tests: (i) models built by means of individual algorithms performed well (TSS and AUC values above 0.80, and sensitivity and specificity above 90% in all cases except for GLM G4-hal;
see Table S2 and S3 in Appendix S2); (ii) RF displayed the highest AUC and TSS scores in general.
All geographical projections can be checked in Appendix S4. We 
| Future suitability maps
Likely suitable areas at genetic group level generally concentrated around the genetic group's current distribution (see Appendix S4).
Away from the current distribution, uncertain habitat suitability areas were majorly found in other locations around the Mediterranean basin (e.g., G2-pin and G1-hal). Only in the case of G6/G7-hal, we found larger regions of likely suitable areas in northern central Europe. For both species, there were several other genetic groups that additionally found suitable areas in northern central Europe, although with a medium to low probability of suitability (which was classified as uncertain or likely unsuitable).
| Defining conservation strategies based on exposure to climate change
According to the results obtained, we proposed conservation guidelines for each genetic group based on its characteristics, as well as taking into account their current distribution as well as its future distribution (see Appendix S4).
The risk of habitat loss of the genetic groups varied widely from one genetic group to another within each of the two species. We detected very slightly exposed genetic groups, in which < 5% of the currently realized niche was classified as highly exposed (e.g., G8-pin and G3-hal; see Table S7 in Appendix S4), as well as cases in which this percentage (almost) exceeded 90% of the currently realized niche (e.g., G5/G6/G7-pin or G4-hal). This analysis revealed very diverging patterns of exposure to possible future habitat loss for both species along the Mediterranean coast of Spain: while P. pinaster's genetic groups inhabiting this area (G5/G6/G7-pin) were highly exposed, P. halepensis' genetic groups occupying the same territory (G1/G4/G6/G7-hal) were not (percentage below 60%, except for G4-hal in southern Spain and Morocco, which was also found to be highly exposed). T A B L E 1 Conservation strategy recommendations based on current distribution of the genetic group, current projection of its species distribution model (SDM) and future suitability map. Note that we considered as currently suitable those areas that obtained a suitability score > 70% of the maximum Overall, we found that in situ conservation should suffice to guarantee conservation of the different genetic groups, as large areas were found in which in situ conservation will likely be successful when combined with a monitoring programme. Nevertheless, there were some cases in which planning a more targeted monitoring scheme seemed necessary to ensure that the areas detected as uncertainly exposed will be preserved (i.e., the cases of G3-pin, G4-pin and G5-hal).
Current distribution SDM-Current projection
Few genetic groups lacked areas that could be proposed for in situ conservation (i.e., G5/G6/G7-pin and G4-hal). In these cases it was necessary to consider ex situ conservation strategies either by translocation or by conservation in germplasm banks. For three of them (G5/ G7-pin and G4-hal) translocation was the recommended ex situ conservation strategy, while for G6-pin that lacked translocation areas, germplasm bank conservation had to be recommended. In addition, because there were only few translocation areas available for G7-pin, the conservation of this genetic group would also benefit from germplasm conservation.
| Exposure assessment of dynamic conservation units
First, we analysed whether the already established EUFORGEN dynamic conservation units for P. pinaster and P. halepensis adequately represented the different gene pools detected in both species. In the case of P. halepensis, dynamic conservation units located within transition zones were considered representative of both genetic groups.
We found that while some genetic groups were overrepresented (e.g., in P. pinaster 13 and 10 of 36 dynamic conservation units harbour G2/G7-pin populations, respectively, and in P. halepensis 14 of 19 dynamic conservation units combined admixtures of G3/G5-hal populations), other genetic groups were not included in the dynamic conservation units network (G1/G4/G8-pin and G1/G4-hal). The remaining genetic groups, although present within the dynamic conservation units network, were underrepresented (e.g., G6-pin and G6-hal with just 2 and 1 dynamic conservation units, respectively; Tables S4   & S5 in Appendix S3 for more details).
Second, we evaluated the risk of habitat loss within the different dynamic conservation units. In the case of P. pinaster, we detected two dynamic conservation units classified as "likely suitable" in 2050 both of which belonged to G2-pin. The other dynamic conservation units were classified as "likely unsuitable" (15) or "uncertain" (21) (Figure 3 and Appendix S4 for more details). As for P. halepensis, we detected three dynamic conservation units classified as "likely suitable" in 2050, which were located in Italy and represented G3-hal. The rest were classified as "likely unsuitable" except for eight dynamic conservation units corresponding to G2/G3/G7-hal that were classified as "uncertain." None of the dynamic conservation units located in transition zones, and thus representing two genetic groups at the same time, were classified as "likely suitable" for both represented groups (Figure 3 and Tables S4 & S5 in Appendix S3 for more details).
Finally, the exposure of the 10 genetically homogeneous conservation relevant units for P. pinaster (Rodríguez-Quilón et al., 2016) , which span all genetic groups but G8-pin (Table S6 in Appendix S3), varied widely across populations within units composed of more than one population. For example, the ten populations comprising the conservation group SpAtl obtained three possible classifications (Table   S6 in Appendix S3). Meanwhile among single population groups, the classification ranged from "likely unsuitable" to "uncertain" (Table S6 in Appendix S3). Schueler et al., 2014) . With few exceptions, most of the genetic groups defined based on molecular data are found in areas likely to remain suitable in the future. Thus, it is expected that these genetic groups will be able to withstand climate change and in situ conservation management should suffice. Nevertheless, there are some highly exposed genetic groups (e.g., G5/G6/G7-pin and G4-hal) for which further work is needed to disentangle the relationship between adaptive genetic variability and resilience towards climatic changes. In these cases it is necessary to assess whether high exposure translates into high vulnerability, or if the adaptive capacity of the genetic groups is enough to cope with climatic changes and thus the genetic groups are not ultimately threatened. Information from common garden experiments, combined with future climate predictions provides an interesting opportunity to explore species future adaptability-for example, by selecting experimental sites that change gradually from current to future climatic conditions and by testing populations' responses to these shifts.
| DISCUSSION
Finally, some areas included within the distribution of both species are not classified in any genetic group due to insufficient sampling ( Figure 2 ). If the populations inhabiting these un-sampled regions were to belong to new genetic groups rather than already existing ones, it would be necessary to develop new individual conservation plans for them.
In our approach we deal with two different sources of uncertainty, derived from algorithm selection and from future climate uncertainties (see Ledig, Rehfeldt & Jaquish, 2012 for another approach dealing with the latter). However, other sources of uncertainty are not considered in our models, such as the inaccuracies in the climatic inputs derived from WORLDCLIM (see Bedia, Herrera, Gutiérrez & Manuel, 2013 for an illustration of the paucity of the meteorological stations), as well as the integration of ecological factors, dispersal limitations, historical barriers, land use or soil factors. Furthermore, in our approach we only assessed exposure from abiotic factors (i.e., climatic variables).
Given that climatic changes may also alter biotic interactions, resulting in new pests or competitors constraining the distribution of species in the future, biotic factors should also be integrated in SDMs (SerraVarela et al., 2017) . Finally, our models do not take into account the temporal component of climate change (i.e., the time span in which climatic changes occur). This is highly relevant as the intensity of selection-and thus survival-depends on both the magnitude of the environmental change and its associated time span. By considering the temporal component of climate change it would be possible to assess, by means of migration rates, whether a species will be able to track its suitable habitat, or assisted migration will be required.
In the framework of the current pan-European conservation network (EUFORGEN and EUFGIS programme), Koskela et al. (2013) established the minimum requirements for dynamic conservation units of forest tree genetic diversity, namely: (i) to designate genetic conservation areas, (ii) to set up a basic management plan and (iii) to identify one or more species as targets to conserve genetic diversity.
Here, we suggest the inclusion of a new factor as a compulsory minimum requirement: the overlay of current and future habitat suitability.
Accounting for exposure is essential in a conservation network as it provides insights into the most appropriate management of dynamic conservation units. For instance, if we are dealing with a population for which climate will likely/uncertainly become unsuitable in the future, then monitoring will become an indispensable tool to detect population decay and to address possible management with the aim of accelerating adaptive processes. When dynamic conservation units are not capable of tracking climate change, all resources invested in their conservation management would become obsolete. Furthermore, the minimum size of dynamic conservation units should be estimated by taking into account the velocity of climate change (Hamann, Roberts, Barber, Carroll & Nielsen, 2015; Loarie et al., 2009) , which was assessed by Schueler et al. (2014) for the whole European conservation network, as well as species-specific requirements to maintain viable populations. We also highlight possible improvements for our two model species P. pinaster and P. halepensis: (i) new dynamic conservation units are necessary to represent all genetic groups of a given species and (ii) in the specific case of P. halepensis, for which there are territories occupied by two genetic groups simultaneously, it would be more cost-effective to select adequate dynamic conservation units for both genetic groups at the same time.
Finally, we also included in our analysis the ten relevant conservation units highlighted for P. pinaster at the infra-genetic-group level based on controlled garden experiments (Rodríguez-Quilón et al., 2016) .
In this work, we aimed to integrate all previous efforts related to conservation of genetic resources, and, apply them to two ecologically and economically important Mediterranean species, to enhance the design of an optimized conservation network. We were able to identify areas and populations with different vulnerability levels, and where different management options can be established to enhance resilience of the target species. Further, recommendations concerning target areas and populations for translocation can be used to assign afforestation needs that may have objectives other than the conservation of biodiversity (such as habitat restoration, wood production or protection against erosion). Our approach can benefit forest management in bridging experimentation, conservation and active management, providing support for decisions in conservation management.
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